The fuel cell micro-grid is expected as a distributed power supply with little environmental impact. However, if a micro-grid is installed in an urban area, a generation efficiency of less than 21% on an all-year basis is expected. Generally, in planning an electric power network using a micro-grid, all the target buildings are connected and electric power is supplied. In this paper, a micro-grid is divided into multiple and each is optimized for the purpose of maximization of power generation efficiency. In the cooperation management of a micro-grid, large fluctuations in load, or increases and decreases in a building, can be followed with a grid using a system-interconnection device. The system proposed in this paper obtained results with high generation efficiency (from 21.1% to 27.6%) compared with the central system (generation efficiency is 20.6% to 24.8%) of a fuel cell micro-grid.
Introduction
A reduction effective of greenhouse-gas emission is expected with the micro-grid
（１-３）
. In particular, the micro-grid using a fuel cell is predicted to be a leading method of future energy supply. In order to effectively reduce greenhouse gases to a maximum, a micro-grid should be maintained and operated at the highest possible generation efficiency. It is necessary to optimize the operation plan of a micro-grid, as well as the capacity of the energy equipment based on the power demand pattern of the buildings connected to a grid. Therefore, to produce high generation efficiency of a micro-grid, a power generator that can maintain high efficiency is required over a large range from high load to low load. However, it is difficult to maintain high efficiency over a wide operating range with the solid polymer membrane-type fuel cell (PEM-FC) with a reformer. Then, the method of operating a water electrolyzer (4) , and the method of divides a fuel cell and a reformer (5) were examined at the time of partial-load operation. The power load added to a micro-grid is decided by composing the power demand characteristics of two or more buildings. However, the example of considered the relation between the loads pattern of a building and the power generation efficiency of a micro-grid is not reported. If the power demand pattern of a certain building reduces the generation efficiency of the whole micro-grid, this building sets the grid of another network with a group of other buildings, and overall generation efficiency may be improved. Therefore, the fuel cell micro-grid (FC micro-grid) is divided into multiple grids, and this paper considers the independent management of each grid. Two or more divided grids can operate in cooperation with other grids to improve generation efficiency. In this paper, partition cooperation management of the FC micro-grid and its relationship to generation efficiency are investigated using the power demand pattern assuming typical buildings in Tokyo. In addition to this, the FC micro-grid that is equipped with the cooperation operation of the partition grid is effective at 'Response to overload at the time of load fluctuation', 'Risk abatement at the time of accident due to distribution of power facilities' and 'Interruption of service not caused at the time of maintenance.'
System configuration

Scheme of FC micro-grid
There is an interconnection system ( Fig. 1 (a) ) and an independent system ( Fig. 1 (b) ) in a micro-grid. By increased power demand due to connection of a new building and large load fluctuations, when the grid cannot respond, an interconnection micro-grid connects to other grids. (◎ of Fig. 1 (a) is a system-interconnection device.) Therefore, an interconnection micro-grid is a system that can respond to the power demand pattern of a grid flexibly. On the other hand, it is necessary to supply the entire power demand in a grid using an independent micro-grid. Therefore, the design of an independent micro-grid needs to sufficiently consider power demand and supply balance. The connection of a new building is difficult for this grid type, and flexibility is poor. However, the independent micro-grid is effective as a method of supplying electric power in areas where the transmission line infrastructure is not fixed. Therefore, in this paper, as shown in Fig. 2 , one independent micro-grid is divided into multiple grids (in Fig. 2 , these are Grid A and Grid B). Usually, although each grid operates independently, if it is in the condition where generation efficiency is improved, each grid will be connected and it will perform cooperation operation. If the method of Fig. 2 is used, the independent micro-grid will be improved by the system that can respond flexibly to increases and decreases in a building, or increases and decreases in load fluctuation. Therefore, in this study, the relationship between the building (route of a micro-grid) connected to each of the divided grids (in the case of Fig. 2 , these are Grid A and Grid B) and generation efficiency is investigated.
System Configuration
The buildings in which power plants are installed ( Fig. 3 (a) ) and other buildings ( Fig. 3  (b) ) are connected to each of Grid A and Grid B of Fig. 2 . A town gas reformer, PEM-FC, a boiler, a heat storage tank, and a system-interconnection device are installed in the building of Fig. 3 (a) . The boiler for heat supply and the system-interconnection device for receiving electric power from a grid are installed in the building of Fig. 3 (b) . Figure 3 (a) shows the model of a building in which a power plant is installed as shown in Fig. 2 . In this paper, a power plant (Fig. 3 (a) ) connected to one independent grid (Grid A and Grid B, respectively) may be at one place. Buildings other than the power plant are buildings (Fig. 3  (b) ) in which a boiler is installed for heat supply, and a system-interconnection device. An actual FC micro-grid requires a town gas distribution network and exhaust heat distribution network other than an electric power supply network. This paper does not describe the management of a town gas distribution network or an exhaust heat distribution network.
Operating Method
In the following, the operating method of the FC micro-grid system shown in Figs. 2 and 3 is described. In Fig. 3 (a) , town gas is supplied to a heat-source burner and a reformer, steam reforming of town gas is performed and reformed gas with many hydrogen components is produced. Because there is a lot of water in reformed gas, the water is removed with a dryer. Furthermore, the carbon monoxide in the reformed gas is removed with a carbon monoxide oxidation system. Reformed gas is supplied to the fuel cell, and power and exhaust heat are output from the fuel cell. After storing exhaust heat in a heat storage tank and exchanging the heat of a thermal storage medium for tap water, tap water is supplied to an auxiliary boiler, which is output to the demand side. The power produced with the fuel cell is supplied to a grid through a DC-AC converter, an inverter, and a system-interconnection device. A fuel cell is operated so that the power load may be followed. The output control of a fuel cell adjusts and controls the amount of town gas supplied to a reformer. Figure 3 (b) shows the equipment model of buildings other than the power plant shown in Fig. 2 . In these buildings, power is obtained from a grid through a system-interconnection device. Heat is produced with a town gas fired boiler.
Grid A and Grid B, shown in Fig. 2 , usually supply power to buildings independently by each grid. However, when a load that exceeds capacity is added to one of the grids, power can be obtained from the other grids through the system-interconnection device (◎ of Fig.  2 ). In the partition cooperation management of the FC micro-grid described in the following, all the grids can deliver and receive other grids and power through the system-interconnection device.
Installation planning of FC Micro-grid
3.1
Generation Efficiency of Micro-grid Figure 4 shows the cell performance curve for an operating temperature of 333 K, with the gas pressure at the anode and cathode being 0.1 MPa （６-９） . This characteristic is the model to be used when setting the reformer efficiency to be constant at 73%. Details of RM η are given below. Although steam reforming of town gas at a flow rate of t RM Q , is conducted and reformed gas is produced in the reformer, the heat source for the reforming reaction is burned and obtained using the town gas at a flow rate of ( )
(1) Figure 5 shows the model indicating the relation between the load pattern of a power demand model, and the generation efficiency of a fuel cell. As Fig. 4 shows, the generation efficiency of a fuel cell changes with the load ratio. Next, the operation method of a fuel cell when there are two or more power demand models is described.
In Fig. 6 , each power demand model of Building A, B, and C is shown. The following three methods of supplying power to these buildings from PEM-FC can be considered. (1) Installing a fuel cell in all the buildings (stand-alone system) (2) Connecting all the buildings to a micro-grid, and supplying power using one set of FC (central system) (3) Setting two or more micro-grids considering the power demand pattern of the buildings (partition cooperation system)
The stand-alone system determines the capacity of PEM-FC installed in each house so that it may exceed the maximum of each power load of Building A, B and C of Fig. 6 . In the central system, the power load of Building A, B and C of Fig. 6 is added for every sampling time, and the capacity of one set of PEM-FC is determined to exceed the maximum. In addition, in the partition cooperation system, Building A and Building B of Fig. 6 are connected, for example, and Grid 1 operates. Building C is operated independently (Grid 2). The capacity of PEM-FC installed in Grid 1 and Grid 2 is decided so that it may exceed the maximum of the power load of Building A and Building B, and the maximum of the power load of Building C. The stand-alone system does not need a grid and, moreover, does not need to transport exhaust heat to a neighboring building. Therefore, the heat loss of exhaust heat is small, and installation of a grid is unnecessary. However, there are many fuel cells to install, and it is necessary to install large-capacity fuel cells so that load fluctuation does not have an impact. Unlike the stand-alone system, the central system should just install FC in one building. Therefore, although it is advantageous in respect of equipment cost, the transport distance for the exhaust heat is long, and heat loss is a problem. Furthermore, the diversification of risks at the time of accident and the extendibility of equipment are problems. In the central system, the power demands of the buildings are added, and the capacity of the fuel cell is optimized and determined to exceed the maximum. Therefore, if the number of the buildings connected to the grid and the pattern of the power demand model change, the load ratio will change and generation efficiency will vary. On the other hand, the partition cooperation system can partially obtain each merit of the stand-alone system and the central system. Partition of the micro-grid in the partition cooperation system is optimized to maximize generation efficiency. For this reason, depending on the composition of the power demand model of the buildings in an urban area made into an analytical object, generation efficiency higher than that with the stand-alone system or the central system may be applicable. Figure 7 shows the power demand models of each building, and is the mean power load of each sampling time on a representative day in January (winter), May (mid-term), and August (summer) （10-13） . However, the actual power demand pattern is a mixture of loads that change rapidly over a short time, such as an inrush current. In addition, a power demand estimate for the house actually shown in Fig. 7 (a) is difficult, and a power demand estimate for the small offices and factories indicated in Figs. 7 (d) and (e) is comparatively easy. Although load fluctuation is not taken into consideration in the power demand model in the analysis of this paper, when accompanied by load fluctuations, system interconnection between the grids is expected to occur frequently. The power demand pattern of a house ( Fig. 7 (a) ) has a peak in the morning and the afternoon. In the hotel of Fig. 7 (b) , demand is stabilized when the midnight-to-early-morning period is excluded, and power demand is stable for 24 hours at convenience stores ( Fig. 7 (c) ). The difference between the time zone with small power demand from night to early morning and the time zone with great power demand from morning to evening is clear in small offices ( Fig. 7 (d) ), factories ( Fig. 7 (e) ), and small hospitals ( Fig. 7 (f) ).
Power demand model
Analysis method
The analysis flow of the generation efficiency of the FC micro-grid is shown in Fig. 8 . First, a power demand model of the buildings that compose the urban area model is prepared. In the analysis, the power demand model shown in Fig. 7 is used. Although these power demand models are inputted into a program for every sampling time, the input is related to all the buildings. Next, all the routes (that is, a divided grid) of the grid are discovered. This route planning is obtained by calculating the permutation of the number of buildings. The capacity of the fuel cell installed in each route of the FC micro-grid is set up, and the power load and the load ratio of each route are calculated for every sampling time. The generation efficiency of a route is calculated by giving this load ratio to the approximation described in Fig. 4 . Furthermore, the capacity of the fuel cell installed in each route of the FC micro-grid is changed, and the generation efficiency of a route is calculated using the same procedure. From the generation efficiency of all the routes obtained by calculation, the generation efficiency (average generation efficiency) in the entire FC micro-grid for a representative day can be calculated. The average generation efficiency of the stand-alone system, the central system, and the partition cooperation system is calculable using the analysis procedure described above. Figure 9 shows the urban area model used for this analysis, and shows the type of power demand model of 23 buildings in this figure. In addition, the number given in this figure is the number of buildings, and shows the area and the maximum load of each building assumed in Table 1 . Figure 9 shows a two-person family house and a six-person family house as well as a four-person family house (the power demand model is shown in Fig. 7  (a) ). Each power demand model compares and determines the number-of-persons rate of the model of Fig. 7 (a) . Moreover, although apartment houses are shown in Fig. 9 , these power demand models are also relatively determined from the number-of-persons rate of the model of Fig. 7 (a) . In this analysis, Fig. 9 is used as an urban area model. Moreover, Fig. 7 (a) to (f) is used as a power demand model of each building that composes an urban area. The relation of the load ratio and generation efficiency of PEM-FC installed in the model is shown in Fig. 4 . Since the maximum generation efficiency of the model of Fig. 4 is 32%, the maximum generation efficiency of the micro-grid analyzed here is theoretically 32%. Figure 10 shows the analysis results of the average generation efficiency of a representative day of every month in the case of installing the stand-alone system in the urban area model of Fig. 9 . Although the average generation efficiency differs each month, convenience stores with a small load fluctuation range of power throughout the year show about 30% at maximum. The average generation efficiency of a representative day in August with high power consumption due to air-conditioners is high in hotels and hospitals. The average generation efficiency of other buildings is less than 20%.
Case study
Analysis results and discussions
Generation efficiency of stand-alone system
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The system that distributes the PEM-FC system whose generation capacity is 1 kW or 2 kW to the urban area model of Fig. 9 is investigated. To install PEM-FC (1 kW or 2 kW) using the stand-alone system, it is necessary to look for buildings that can install fuel cells of this capacity from among buildings that compose an urban area model. Figure 11 shows the analysis results of the number of buildings in which a fuel cell of each capacity can be installed using the stand-alone system, and the number of the fuel cells installing PEM-FC using the partition cooperation system. If equipment cost is taken into consideration from the difference in the installed number of PEM-FC, compared with the stand-alone system, the partition cooperation system is more advantageous. Figure 12 shows the analysis result of the relationship between the capacity of PEM-FC and generation efficiency in the case of installing the central system in the urban area model. The results of the generation capacity of PEM-FC using the central system is 110 kW (the average generation efficiency of each representative day is 25.8% and 26.1%, respectively) (Fig. 13(c) ). 2kW PEM-FC is installed in each grid. Average generation efficiency is 19.9% (a) January (Average generation efficiency is 23%) (c) August (Average generation efficiency is 20.4%) on representative days in January and May, and is 160 kW (the average generation efficiency of a representative day is 24.8%) on a representative days in August. Therefore, it is required that a 160-kW PEM-FC be installed in the central system in the urban area model, and be applied throughout the year. When a 160-kW PEM-FC is installed, the average generation efficiency of representative days in January and May is 20.6% to 20.9%. Consequently, the generation efficiency of an FC micro-grid when installing the central system is operated at 20.6 to 24.8%.
Generation efficiency of central system
Generation efficiency of partition cooperation system
(1) Operation of FC micro-grid in which is installed PEM-FC with low generation capacity Figures 13 (a) to (c) show the analysis results of the partition cooperation system in which is installed PEM-FC whose generation capacity is 2 kW. However, because two or more buildings that have the same power demand model are included as Fig. 9 describes, when these are exchanged, it is expressed by the route difference from Fig. 13 (a) to (c) . The average generation efficiency of representative days in January, May, and August is 23%, 22.7%, and 20.4%, respectively. Because the space-cooling load of air-conditioners will be included in the power demand amount of a representative day in August, the load ratio is high compared with other months. Therefore, the average generation efficiency of a representative day in August is high. Because the power demand is high on a representative day in August compared with other months, these analysis results (the route of a grid, and the capacity of the fuel cells installed in the grids) can be applied to other months. Then, the analysis result of the grid route of a representative day in August was given to the power demand model of a representative day in January, and the generation efficiency was analyzed. This result is shown in Fig. 14. In the results of Fig. 14 , the generation efficiency of a representative day in January is low at 2.5% compared to the generation efficiency of the whole grid on a representative day in August, being 19.9%. Therefore, when PEM-FC whose capacity is 2 kW is installed in Fig. 9 , the power is supplied to the 11 buildings by the four grids (that is, four fuel cells) of Grid A to Grid D, and the generation efficiency is about 20% throughout the year. As Fig. 10 describes, the generation efficiency in the case of supplying power to a house (two-to six-person household) using the stand-alone system is about 20% at maximum. Moreover, compared with the number of PEM-FC installed by the stand-alone system from the results of Fig. 11 , the number of installations in the partition cooperation system is about 1/3 with a generation capacity of 2 kW. Compared with the stand-alone system, the whole generation efficiency of the micro-grid in which is installed PEM-FC with small generation capacity is improved, and equipment cost is reduced. However, a maximum power demand greatly over 2 kW cannot be installed in this grid in buildings.
(2) Operation of FC micro-grid combined so that the generation efficiency of the whole grid is maximized Figures 15 (a) to (c) show each representative day in the grid route obtained in the analysis, and show the analysis results at the time of combining so that the generation efficiency of the whole grid is maximized. However, because two or more buildings that have the same power demand model in an urban area model are included as Fig. 9 describes, if these are exchanged, the combination will become different from Figs. 15 (a) to (c). Figure 16 shows the analysis result of the generation efficiency when giving the route result of a representative day in August (Fig. 15 (c) ) to the power demand model of a representative day in January. Compared with Fig. 15 (c) , the result of the generation efficiency of Fig. 16 falls due to each Grid A to Grid C, and the average generation efficiency of the whole grid falls by 23.6% to 21.1%. Therefore, as for the FC micro-grid whose average generation efficiency in total comprises a combination of the highest grids, generation efficiency is operated at 21.1 to 27.6%. The range of this value exceeds the average generation efficiency (from 20.6% to 24.8%) when installing a 160-kW PEM-FC using the central system shown in Fig. 12 .
(3) Operation of a FC micro-grid that combines the grid in which average generation efficiency exceeds 25%
Figures 17 (a) to (c) show the result of the combination for which the generation efficiency of a representative day is a grid route exceeding 25%, and the generation efficiency of the whole grid peaks every month. The grid route for which generation efficiency does not exceed 25% does not appear in Figs. 17 (a) to (c) . Consequently, there is no guarantee that all the buildings in an urban area model can be connected to any grid. Figure 18 shows the analysis result of the generation efficiency when installing the power demand model of a representative day in January into the analysis result (Fig. 17 (c) ) of the grid route of a representative day in August. Compared with Fig. 17 (c) , the generation efficiency of Fig. 18 falls compared to the other grids (Grid A and Grid B), and the average generation efficiency of the whole grid falls by 19%, being 23.2%. Therefore, as for the FC micro-grid whose generation efficiency is composed from grids exceeding 25%, generation efficiency is operated at 23.2 to 28.6%. If this system is installed, the FC micro-grid can be operated at the highest generation efficiency, but buildings that lower the generation efficiency of the whole grid are separated from this grid.
Conclusions
Even if an FC micro-grid is used for urban areas composed of buildings with various power demand patterns and supplies power to them, generation efficiency generally lowers. Therefore, this paper examined the generation efficiency of the following three power supply methods: (1) Installing fuel cells in all the buildings in an urban area model (stand-alone system); (2) Connecting all the buildings to a micro-grid, and supplying power from one set of fuel cells (central system); and (3) Dividing a micro-grid into multiple grids considering the power demand pattern of the buildings (partition cooperation system). The relationship between the capacity of the fuel cell to be installed and generation efficiency became clear from the analysis results. Furthermore, in this paper, generation efficiency is optimized to maximize generation efficiency to the grid route planning of the partition cooperation system. As a result, a system with higher generation efficiency than the stand-alone system and the central system could be proposed. The average generation efficiency of the stand-alone system is 20% or less, and the average generation efficiency of the central system is 20.6% to 24.8%. On the other hand, the generation efficiency of the partition cooperation system proposed in this paper is 21.1% to 27.6%.
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